Composites of multi-walled carbon nanotubes (MWCNT) and conductive polymer with good uniformity were prepared by electropolymerization. Molecular modeling calculations were carried out for electroactive monomer (OAP) polymerization with density functional theory (DFT) level using 6-311G(d,p) basis set for all atoms and Gaussian 03 program package. The reflectance and transmittance amplitudes of the composite were obtained, using the continuity of the tangential components of electrical and magnetic fields at interfaces and solving the algebraic matrix equation. The calculated absorbance spectra as a function of wavelength for MWCNTs dispersed in the conductive polymer are depicted. Band gap of the p-type semiconducting film was obtained from the plot of (ahv) 2 vs. photon energy.
Introduction
Carbon nanotubes (CNTs) have a novel structure, a narrow distribution size, highly accessible surface area, low resistivity, and high stability. 1 It has been shown experimentally that the introduction of CNTs into a polymer matrix improves the electric conductivity as well as the mechanical properties of the original polymer matrix. [2] [3] [4] Composites of CNT and polypyrrole were also prepared to enhance its electrochemical capacitance performance. 5 The high surface area and conductivity of CNTs may improve the redox properties of conducting polymers. It has been found that carbon nanotube and polyaniline (PANI) composites with good uniformity can be formed by the polymerization of aniline containing well-dissolved single-walled carbon nanotubes (SWCNT). 6, 7 The CNT in the composites adhere strongly to the PANI matrix by the formation of a charge-transfer complex rather than the weak van deer Waals interactions between them, which improves dispersion of SWCNTs into the PANI matrix, and results in enhanced electric conductivity. CNTs have been aligned through different techniques, such as template-directed fabrication, template-free chemical vapor deposition, self-assembly, mechanical stretching and electrophoresis, etc. [8] [9] [10] [11] [12] However, CNTs introduced into a polymeric matrix disperse randomly, they lose their orientations. Because of the unique one-dimensional structure of nanotubes, a high anisotropy is expected for nanotube-polymer composites. Hence, fabrication of high-performance nanotube-based composites should take into consideration the alignment of CNTs in a certain direction. Melt 13 or electrical spinning of a composite through a narrow hole leads to nanotube alignment, but the method provides only fibers. Aminophenols are interesting members of the class of substituted anilines. The hydroxyl group in the phenyl ring can be oxidized to quinine and quinine can be reduced again. Poly ortho aminophenol (POAP) gives a surface film of interesting electrochemical and electrochromic properties when it is electropolymerised in acidic solution. [14] [15] [16] [17] [18] [19] Herein, we describe a simple strategy for the aligning of disordered CNT within the conducting polymer matrix by in situ electropolymerization using an ionic surfactant as the supporting electrolyte. The CNTs were first dispersed in an aqueous solution containing an ionic surfactant similar to the procedure reported by Islam et al. 20 Then, electroactive monomer (OAP) was added into the above mixture and finally electrochemical reaction was preceded at the surface of the glassy carbon (GC) electrode.
In the present work, MWCNT/POAP composite was synthesized by normal pulse voltammetry (NPV) methods and electrochemical properties of the films were investigated by using electrochemical techniques. Optical properties of the composite was obtained using optical modeling. 
Experimental
The chemicals used in this work were of Merck origin and were used without further purification. Typical MWCNT were uniform with (Carbon purity: 95%, number of wall: 3-15, outer diameter: 5-20 nm, inner diameter: 2-6 nm, length: 1-10 µm, apparent density: 0.15-0.35 g cm -3 , loose agglomerate size: 0.1-3 mm) were used. Their hollow cores and multi-layer walls could be clearly seen by transmission electron microscopy (TEM) observation. 21 All electrochemical measurements were carried out in a conventional three electrodes cell, powered by a potentiostato/galvanostat (EG&G273A) and a frequency response analyzer (EG&G, 1025). The frequency ranges of 100 kHz to 100 mHz and modulation amplitude of 5 mV were employed for impedance studies. POAP films electrodeposited on a GC disk were employed as working electrode. Saturated calomel electrode (SCE) and a platinum wire were used as reference and counter electrodes, respectively. MWCNT/POAP composites were prepared by NPV with 5 mV potential increment and pulse width 0.005 s in a stirring solution containing 0.01 mol
sodium dodecyl sulfate (SDS) and 8 wt.% of MWCNT in suspension. SDS was used as an additive in order to suspend MWCNT particles and improve the stability and electroactivity of the resulting films. The effect of SDS on the electropolymerisation of conducting polymer in aqueous solutions was investigated. 16 The thickness of the deposited film on graphite was estimated (85 nm) from the charge consumed in reducing the polymer (Q) and the molar concentration of electro-active sites in the film, which is obtained by the faraday law. 22 TEM was performed using a CEM 902A ZEISS transmission electron microscope, with an accelerating voltage of 80 kV.
Theoretical calculations were carried out at DFT level using the 6-311G(d,p) basis set for all atoms with Gaussian 03 program package. The electronic properties such as highest occupied molecular orbital (HOMO) energy, lowest unoccupied molecular orbital (LUMO) energy and frontier molecular orbital coefficients have been calculated. The molecular sketches of all compound were drawn using Gauss View 03. 23 The natural bond orbital (NBO) analysis suggested by Reed et al. 24, 25 was applied to determine the atomic charges. While the regions z ≤ 0 and z ≥ d are vacuous, suppose that an arbitrarily polarized plane wave is normally incident (axial excitation) on the chosen structure from z ≤ 0. The phasors of incident, reflected and transmitted electric fields are given as: 
where (a s ,a p ), (r s ,r p ) and (t s ,t p ) are the amplitudes of incident plane wave, and reflected and transmitted waves with S-or P-polarizations, 0 00 0 2 / K ω µ ε π λ = = is the free space wave number, l 0 is the free space wavelength, e 0 = 8.854 × 10 -12 Fm -1 , µ 0 = 4p × 10 -7 Hm -1 are the permittivity and permeability of free space (vacuum) and u x,y,z are the unit vectors in the Cartesian coordinates system. The reflectance and transmittance amplitudes can be obtained using the continuity of the tangential components of electrical and magnetic fields at interfaces and solving the algebraic matrix equation:
The different terms and parameters of this equation are given in detail by Lakhtakia. 26 In our work, the absorbance for natural light is defined as
; , , 
Results and Discussion
For phenol derivatives including amino groups, the reported voltammetric studies are interpreted analogously with well-established aniline oxidation, i.e., an E(CE)n mechanism; by which the oxidation of o-aminophenol produces a ladder-structured film and reactive intermediates of 2-amino-phenoxazin formation in solution. In order to obtain optimized data concerning polymerization of OAP, theoretical calculations were carried out with DFT. Results are presented in Figure 2 and Tables 1 and 2 .
The obtained results in Figure 2 and Tables 1 and 2 confirmed that the oxidizing phenol moiety performed the polymerization of the OAP. On the contrary, OAP has a high electronic density in the phenol moiety related to the -NH 2 group. Therefore, the preferred pathway is the formation of p-quinonimine, which is stabilized by extended conjugation. Therefore, dimers could be formed through attack of the cation radical at that position. The dimer of OAP has the higher electronic density in the para position with respect to the -OH group, allowing closing of the phenoxazine ring. The resulting polymer will have a ladder type structure built in by phenozaxine units. Thermodynamic parameters for polymerization of OAP and formation of tetramer have been presented in Table 3 . According to obtained results, the dimer and tetramers forms are nearly isoenergetic. Positive values for entropy and energy are related to increasing entropy during oxidation of the monomer and endothermic reaction, respectively. The values of free Gibbs energy are related to applied potential (DG = -nFE) during electropolymerisation. The value of calculated potential and applied potential are nearly close together, around 1.16 V. In this case, by applying 1.16 V, oxidation of the monomer leads to the formation of dimer, trimer and tetramer in potentiostatic method.
According to our previous work, 27 TEM has been applied to characterize the electrodeposited nanocomposite film on the surface of the working electrode. These images confirm that MWCNTs have been dispersed in the polymer matrix. From these investigations, it is evident that micelle-encapsulated carbon nanotube composite nanostructures would form by using SDS to disperse carbon nanotubes in aqueous solution, 28, 29 and that OAP could enter the interiors of micelle-encapsulated carbon nanotubes and locate at the interfaces between surfactants and CNT. 20, 21 These micelle-encapsulated CNT composite nanostructures had random orientation without an electric field existing. By exerting positive voltage to GC electrode, due to orientation of CNT in the presence of an electric field, 30 ,31 these micelle-encapsulated CNT composite nanostructures at the vicinities of the GC electrode would orient towards the surface of the GC electrode. Meanwhile, due to the interaction between positive GC electrode and SDS negative ions, the micelleencapsulated carbon nanotube composite nanostructures would move towards and as far as the surface of the GC electrode. Once micelle encapsulated CNT composite nanostructures ran into the GC electrode, if potentially high enough, OAP located at the interfaces between surfactants and carbon nanotubes would polymerize at the surfaces of both the GC electrode and CNT.
Electrochemical impedance spectroscopy (EIS) is a powerful technique [32] [33] [34] [35] [36] [37] [38] [39] [40] used to analyze POAP films in two different synthesis conditions: in acidic solution of HClO 4 and LiClO 4 . Figure 4 shows the Nyquist diagrams of electrodes in 0.2 V dc potential.
The plot in Figure 4 depicts a single semi-circle in the high frequency region and a straight line in the lowfrequency region for all spectra. The high-frequency arc is the overall contact impedance generated from the electrical connection between MWCNT/POAP composites and the backing plate as well as the charge transfer at the contact interface between the electrode and the electrolyte solution. In spite of the similar shape of the impedance spectra, there is an obvious difference between the diameters of the semicircles. That is, the diameters of the semicircles decline greatly with the doping of MWCNT in POAP. In other words, the bulk-film transport of electrons and the charge transfer resistance (R ct ) of MWCNT/POAP composite films are much lower than that of the pure POAP films. This means that the MWCNT inside the POAP matrix may lead to a faster electron transport in the bulk-film and charge transfer in the parallel POAP film/solution interface and MWCNT/solution interface, compared to that in the originally single POAP film/solution interface. In conducting polymer/carbon nanotubes composites, it is suggested that either the polymer functionalizes the CNTs, 41 or the conducting polymers are doped with CNTs, i.e., a charge transfer occurs between the two constituents. This fact may suggest that the MWCNT has an obvious improvement effect, which makes the composites have more active sites for faradic reactions and a larger specific capacitance than pure POAP. In addition, this result in enhanced electric conductivity, lowers the resistance and facilitates the charge-transfer of the composites. According to our previous works, [15] [16] [17] [18] [19] the behavior of space charge (SC) capacitance vs. E (potential) dependence and the observed capacitance values were typical of a thin film semiconductor electrode and suggest the formation of SC or depletion region within the polymer film. This conclusion is consistent with numerous result of another author who demonstrated the formation of a SC region on conducting polymer modified electrodes. 42, 43 At the negative potentials, the SC region extends over whole film. As the potential drops across the SC region decrease, its thickness becomes smaller than the film thickness, and a quasi-neutral region is formed and the electrode capacitance increases. The dependence of the electrode capacitance on the potential in the simplest case is given by the Mott-Schottky equation: where C is the SC capacitance, e is the dielectric constant of the polymer, e 0 is the permittivity of free space, e is the elementary charge, k is Boltzmann ' s constant, T is the absolute temperature, N is the carrier density that set up the SC, (E -E fb ) is the absolute value of the potential drop across the SC region. The flat band potential E fb is the potential at which the thickness of the SC region is zero. From equation 3, it follows that C -2 vs. E line are known as Mott-Schottky plots. Figure 5 presents the C -2 vs. E dependences for the POAP/MWCNT that obtained from Nyquist plots of films in different offset potential.
One can see that each curve has a linear portion that can be described by the Mott-Schottky law to a first approximation. Extrapolating these linear portions, it is possible to estimate the values 0.21 V for the flat band potential of the film. The value of the carrier density can be also obtained 8.98 × 10 19 cm -3 for the MWCNT/POAP from the slop of the plot. Furthermore, the negative slopes of Mott-Schottky plots show that we can categorize them as p-type semiconductors, that SC is established by counter anions. 22, 42 In this case, polarons or bipolarons act as holes in ordinary semiconductors. 22 In optical modeling, the effective dielectric constant for composite medium MWCNT in conductive polymer is obtained as
using Maxwell-Garnett theory (MGT), where e 2 and e 1 are dielectric constant of conductive polymer and MWCNT, while f is the volume fraction of MWCNT and L is depolarization factor (for polarizations P = 1/2, S = 0). We have used the birefringence refractive indexes of graphite 43 and bulk conductive polymer for homogenization. 51 Due to birefringence, the dielectric function of graphite consists of two components: e 0 and e e ,which correspond to the ordinary and extraordinary rays, respectively.We considered dielectric constant of MWCNT for P and S polarizations as 1
P
o e ε ε ε = and e 1 S = e 0 . In our work, f and d were, respectively, 0.08 and 85 nm, according to experimental results. The calculated absorbance spectra as a function of wavelength for MWCNT dispersed in the conductive polymer are depicted in Figure 6a . The plot of (ahv) 2 vs.
photon energy is shown in Figure 6b , where 2.303
A is absorbance and d is thickness of the film. It has been observed that the photon (ahv) 2 versus hv is linear over a wide range of photon energy indicating the direct type of transition. The intercept (extrapolation) of this plot (straight line) on the energy axis give the energy band gap. The direct band gaps E g was determined as 2.40 eV. The obtained energy is lower than the band gap energy of the polyaniline in the reduced state.
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Conclusions
We have introduced the MWCNT/POAP composite electrode to improve the specific capacitance and power characteristic of electrochemical capacitance. The reflectance and transmittance amplitudes were obtained using the continuity of the tangential components of electrical and magnetic fields at interfaces and solving the algebraic matrix equation. The calculated absorbance spectra as a function of wavelength for MWCNT dispersed in the conductive polymer are depicted. Band gap of the 
